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Plant responses to water deficit occur in a complex framework of organ interactions, but few studies focus on the effect of drought stress on all
organs in a whole-plant. The effects of repeated dehydration and rehydration (DH) on physiological and biochemical responses in various organs
of Periploca sepium Bunge (P. sepium) were investigated. The leaf relative water content decreased significantly during drought, but recovered
and showed an increase when compared to well-watered control plants. The malondialdehyde (MDA) content increased in mature and old leaves,
but decreased in young leaves, new stems and fine roots during drought, indicating that the young and vigorous tissues of a whole-plant are
protected preferentially from the oxidative stress. Among all organs, the fine roots showed the highest levels of proline, total free amino acids
(TFAA) and Na+, while the leaves showed the highest levels of total soluble sugars (TSS), soluble proteins (SP), Ca2+ and Mg2+. The response to
DH differed in different organs, both in magnitude and in the type of solutes involved. Drought stress increased the contents of proline, TFAA,
TSS, SP and K+ in all organs of P. sepium plants, while the accumulation amounts were obviously different among the organs. The storage starch
in stems and roots plays an important role in providing carbohydrates for growth. Changes in Na+, Ca2+ and Mg2+ under DH presented a high
degree of organ specificity. Our data indicates that response strategies are different between different organs; therefore, evidence the needs to
integrate all the information in order to better understand plant tolerance mechanisms.
© 2010 SAAB. Published by Elsevier B.V. All rights reserved.
Keywords: Drought stress; Lipid peroxidation; Organ specific response; Re-watering; Solute accumulation1. Introduction
Drought is a major limiting factor for plant growth,
development and production (Farooq et al., 2009; Jones and
Corlett, 1992). It becomes an increasingly serious problem due
to global climate change (West, 2009). As plants are frequently
subjected to water stress in drought-prone regions, they have
evolved many adaptations to counteract water deficit stress as aAbbreviations: DH, repeated dehydration-rehydration; DHC, dehydration
and rehydration cycle; MDA, malondialdehyde; RWC, relative water content;
SP, soluble proteins; TFAA, total free amino acids; TSS, total soluble sugars
⁎ Corresponding author. Tel.: +86 29 87014852; fax: +86 29 87092262.
E-mail address: liangzs@ms.iswc.ac.cn (Z.-S. Liang).
0254-6299/$ - see front matter © 2010 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2010.11.003result of the long-term natural selection and co-evolution
(Mullet and Whitsitt, 1996; Zhu et al., 1997). Therefore, the
native plants in semiarid and arid regions are undoubtedly
excellent material for experimental studies on drought resistant
mechanisms.
For many species, different organs display different or even
contrasting responses to drought stress. Take cassava (Manihot
esculenta) for example, immature leaves osmotically adjust to a
greater extent than mature leaves (Alves and Setter, 2004). In
olive tree (Olea europaea), the cooperation of the osmotic
adjustment in leaves and roots enables plants to tolerate low
water potential and to maintain photosynthetic activity during
the period of water stress (Dichio et al., 2006). In lupine
(Lupinus albus), however, the stem plays a central role in thets reserved.
Table 1
Treatment date of drought and re-watering phase in three dehydration and
rehydration cycles.
Cycle Stress phase
Drought phase Re-watering phase
1 13 July–21 July 22 July–29 July
2 30 July–6 August 7 August–14 August
3 15 August–22 August 23 August–2 September
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leaves and roots of Atriplex nummularia display remarkably
distinct osmotic adjustment mechanisms, which include both
organic and inorganic solutes (Silveira et al., 2009). Under some
other stress conditions such as boron toxicity in barley
(Hordeum vulgare), the differences in metabolites among
plant tissues are greater than those between different cultivars
(Roessner et al., 2006). Thus, the experiments that focused on a
single organ can not unravel the strategy of a plant to drought
stress. In order to better understand the actual tolerance
mechanism and strategy of a plant, it is essential to study the
responses of all organs simultaneously to the stress condition.
Periploca sepium Bunge (P. sepium), a woody vine
belonging to the family Asclepiadaceae, is a native species
and widespread on the Loess Plateau of China which is a
drought-prone region with infrequent precipitation and high
levels of soil erosion (Li et al., 2008). P. sepium has recently
gained increasing attention for its adaptation to dry environ-
ments (Xue et al., 2007; Yang et al., 2006) as well as its
medicinal and economical value (Bamba et al., 2007; Chen
et al., 2007; Wang et al., 2007). P. sepium grows well under a
wide range of soil water condition and landforms (Li and Liu,
2004). The deep roots and clump-forming characteristics make
P. sepium bosky a protective system for windbreak and sand
stabilization.
In spite of its ecological and economic interests, the drought
resistance mechanisms and strategies of P. sepium to drought
environments have received relatively little attention. Accumu-
lation of compatible solutes is one of the important adaptive
mechanisms for plants to drought stress (Bohnert and Shen,
1999; Hoekstra et al., 2001). The compounds include free
amino acids, soluble sugars, soluble proteins and inorganic ions
like K+ (Mahajan and Tuteja, 2005). In this study, we
hypothesized that the solute response of P. sepium to dry
environments varies with both types of solutes and organs. To
test this hypothesis, we investigated the effects of repeated
cycles of dehydration–rehydration (DH) which are the
prevalent processes in drought-prone on the lipid peroxidation,
accumulation of major solutes (proline, free amino acid, soluble
sugars, soluble proteins, starch, K+, Ca2+, Na+ and Mg2+) in
different organs (young, mature and old leaves, new stems and
fine roots) of P. sepium. The distribution and response profiles
of each solute are discussed, while attention is given to the
differences among organs to better understand the adaptative
and integrative mechanisms of P. sepium.
2. Materials and methods
2.1. Plant material, growth conditions and stress imposition
The experiment was conducted at the Life Science College of
Northwest Agriculture and Forestry University, Yangling
(34°20′N, 108°24′E), China. Two-year-old P. sepium seed-
lings, with mean height and diameter of 60.0 cm and 0.8 cm,
respectively, were provided by the An-sai Ecological Station
(36°39′N, 109°11′E) of the Chinese Academy of Sciences. Four
P. sepium plants were transplanted into each plastic pot (28 cmdiameter and 35 cm height) filled with 12.8 kg of air-dried,
ground and sieved (0.5 mm) soil. The soil with 0.96 g/kg
total N, 23.2 mg/kg Olsen-P and 216 mg/kg exchangeable K
was collected from a typical loessial field with clay-loam texture
from 0 to 20 cm layer in Yangling, China. Its field capacity
water content (FC) was 28.3% (weight basis). The soil water
content prior to planting was 19.52% (weight basis), equivalent
to 10.3 kg oven-dry soil. The pots were covered with plastic
film and aluminum foil to restrict evaporation from the soil
surface and to minimize the radiant heating of the containers.
Plants were weighed every second evening and the amount of
water transpired for two days was determined. Soil water
content from transplanting to the starting of the drought
treatment was held constant at around 80% of FC.
The plants were thinned to one per pot 80 days after planting
when the treatments were applied. Sixty pots were randomly
separated into two identical groups for two different water
treatments: (a) “Control (CK)” plants were watered to 80% FC
every two days, and (b) “Repeated Dehydration–Rehydration
(DH)” plants were subjected three cycles of water stress and
subsequent re-watering. The water stress was initiated by
withholding water and followed by a re-watering phase during
which the plants were irrigated and the soil water content was
kept at CK level. Timing of each cycle was displayed in Table 1.
The plants were cultured under a rain shelter with natural
condition in the Research Center of Soil and Water Conserva-
tion and Ecological Environment, Chinese Academy of Science
and Ministry of Education. Air temperature during the
experimental period ranged between 28 and 34 °C during the
day and fell to 20–26 °C at night with a 14-h photoperiod.
Photosynthetic active radiation reached a daytime peak value of
1400 μmol m−2 s−1. No rainfall was recorded during the
experimental period.
Every 8 days after the beginning of dehydration or
rehydration of the water stress treatment, 3 pots of CK and
DH treatments were selected randomly and the plants were up-
rooted, washed carefully and separated into young leaves
(expanding leaves), mature leaves (fully expanded leaves from
the middle part of the shoot), old leaves (yellow, senescent
leaves from the lower part of the shoot), stems and fine roots for
estimating water content and the content of MDA, inorganic and
organic solutes.
2.2. Leaf relative water content
Relative water content (RWC) of the youngest fully
expanded leaves was determined using the following equation:
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Fig. 1. Soil water content (A) and leaf relative water content (RWC, B) of
Periploca sepium plants under control (CK) and repeated dehydration–
rehydration (DH) treatments. The error bars represent standard error (±SE) for
three replicated measurements (n=3). Different small letters indicate significant
differences at Pb0.05 between different stress times in the same water
treatment. Up and down arrows note the beginning of drought and re-watering
phases, respectively.
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weight of freshly collected material, and TW is the weight after
rehydration for 6 h in complete darkness at 25 °C and DW is the
weight after oven drying at 60 °C for 48 h.
2.3. Measurement of MDA and soluble proteins
Random 0.1 g fresh samples was homogenized with 8 ml
0.05 M Na phosphate buffer solution (pH 7.8) including
1% PVP, and centrifuged at 12,000×g at 4 °C for 15 min.
The supernatant was used for soluble protein determination and
MDA content assay.
The MDA content was determined by the thiobarbituric acid
reaction method described by Heath and Packer (1968) with
slight modification. Four milliliters of 0.5% (m/v) thiobarbituric
acid (TBA) was added to 1 ml of supernatant. The mixture was
heated at 100 °C for 10 min and then quickly cooled in an ice
bath. After centrifugation at 10,000×g for 15 min to remove
suspended turbidity, the absorbance of supernatant was
recorded at 532 nm. The value for non-specific absorption at
600 nm was subtracted. The amount of total soluble proteins
(SP) was quantified using the method of Bradford (1976), using
bovine serum albumin as the standard.
2.4. Determination of amino acids, soluble sugars and starch
Free proline was specifically quantified according to Bates
(1973). Samples were transferred into hermetically closed tubes
containing distilled water and placed in a 100 °C water bath for
1 h. The extracts were then filtered and used for total free amino
acids (TFAA) measurement by reaction with ninhydrin (Yemm
and Cocking, 1955). Soluble sugars were extracted by heating the
samples in 80% ethanol for 30 min 3 times. After centrifugation
for 10 min at 10000×g, the pellet and the supernatant were stored
up to analysis. Total soluble sugars (TSS) content was determined
using the supernatant by the classical anthrone method (Yemm and
Willis, 1954). After the extraction of the soluble fractions, the solid
residue was used for starch analysis. Starch was extracted with
perchloric acid, according to Osaki et al. (1991), and the content
was determined by the anthrone method as described above.
Glucose was used as a standard for both soluble sugars and starch.
Therefore, the results of TSS and starch content were expressed as
mg of glucose equivalents on a dry matter basis, but in figures
mg g−1 is used for short. The contents of MDA and these organic
solutes were determined using a spectrophotometer (UV-2802H,
UNICO).
2.5. Determination of inorganic ion content
Dried samples were ground mechanically for determination
of K+, Ca2+, Na+ and Mg2+. Samples of 0.5 g were kept in a
10:1 nitroperchloric mixture (nitric acid 10 ml: perchloric acid
1 ml) overnight and digested by gradually warming to 250 °C
until a clear extract was obtained. The extract was diluted with
distilled water for the determination of K+, Ca2+, Na+ and Mg2+
by atomic absorption spectroscopy using a spectrophotometer
(HITACHI 180-80).All the results of solute content were expressed on a dry
matter basis to exclude effects of water availability on the fresh
matter of plant organ samples.
2.6. Statistical analysis
The pot cultures were carried out in completely randomized
design. Statistical analysis was carried out with the SPSS
statistical computer package (version 16.0 SPSS Inc. Chicago.
IL). Data was compared statistically with the control or among
organs and different cycles by a Kruskal–Wallis test (non-
parametric ANOVA) followed by a Games–Howell multiple
comparison test at the 0.05 and 0.01 level of confidence.
3. Results
3.1. Development of soil water condition and leaf
water relations
The soil water content was determined in order to monitor
the extent of water deficit. During the development of water
stress, soil water content declined progressively with time
(Fig. 1). The soil water contents at the end of three drought
phases were about 10.24%, 9.54% and 9.01%, respectively,
compared to 21.10±2.59% under control conditions. After re-
watered, the soil water content rapidly recovered to control
level. Leaf RWC of control plants remained constant at 86.49±
2.79% during the experimental period (Fig. 1). Drought stress
caused marked decrease in RWC (Pb0.05). The leaf RWC
under stress increased with increasing drought cycles, and it was
significantly higher under the third drought stress than the first
two drought stresses. After re-watered, a full recovery of leaf
water status was achieved in P. sepium in all re-watering phases.
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The MDA content of P. sepium varied among the tested
organs even under normal conditions (Fig. 2). It was the lowest
in the fine roots, followed by the new stems and then the leaves.
The leaf MDA content was also found to rise with leaf ageing.
According to the response of their MDA contents to DH, these
organs could be divided into two groups. One group included
young leaves, new stems and fine roots, whose MDA contents
declined during water-withholding treatment. The other group
included mature leaves and old leaves, whose MDA contents
increased under drought stress condition and presented a sharp
decline when re-watering.
3.3. Organic solute content
Proline content strongly differed among organs (Fig. 3A).
The proline content in the fine roots was the highest, about 3.70
and 2.94 times of that in the old leaves under control and
drought phases, respectively. Drought stress caused significant
increase of proline contents in all tested organs (* Pb0.05,
** Pb0.01) when compared with controls. When re-watered,
the proline contents presented a tendency to change to control
levels. However, in the young leaves, the proline content was
maintained at a significantly (* Pb0.05, ** Pb0.01) higher
level in DH plants than the control, and appears to have been
stimulated by the first drought phase. With increasing cycles,
obvious increases of proline content in DH-stressed new stems
and fine roots was observed. The proline content in the new
stems under the third drought stress phase was 1.38 and 0.50-
fold higher than that under the first and second drought stress
phase, respectively. The mean proline content in the old leaves
was slightly lower than that in the young leaves (decreased by
19.70%) under drought phase. This difference became more
pronounced under the re-watering phase when the proline
content decreased by 58.29%. TFAA content was much higher
than free proline content, but showed similar distribution among
organs and responses to DH (Fig. 3B).
Leaves showed significantly (Pb0.05) higher levels of SP than
stems and roots (Fig. 3 C). The SP contents in the leaves and fine
roots of P. sepium plants accumulated and significantly increased1 2 3
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Fig. 2. Effect of drought stress (Drought phase) and recovery (Re-watering phase) o
new stems and fine roots in Periploca sepium plants subjected to three cycles of de
(±SE) for three replicated measurements (n=3). * indicate significant differences atduring drought period when compared with controls (* Pb0.05,
** Pb0.01). While in the new stems, the SP content was reduced
significantly by the first drought stress (Pb0.05), and followed by
slight change under later drought phases. When re-watered, all
tested organs showed decreased protein contents compared to
drought phases. However, when compared to the control, the
young leaves kept significantly higher SP content during the last
two re-watering phases (Pb0.01), while in the fine roots the
protein content recovered exactly to the control levels.
The leaves had higher TSS contents than the new stems and
fine roots (Fig. 3D). Leaf TSS content decreased with increasing
leaf age under drought phases. The TSS contents in the new stems
were significantly lower than that in the fine roots under well-
watered conditions. However, when subjected to water deficit
conditions, the difference decreased between the TSS contents in
new stems and fine roots. Drought stress stimulated the
accumulation of TSS significantly in all tested organs (Pb0.01)
when compared to controls. Among organs, the new stems
followed by the fine roots showed the biggest increase in TSS
contents, with respective mean increases by 46.36% and 32.60%.
Re-watering treatment decreased the TSS contents in all organs.
But the TSS contents in the mature and the old leaves were still
significantly higher than that of controls (* Pb0.05, ** Pb0.01)
under the first two re-watering phases. By contrast, the TSS
content in the fine roots decreased significantly during the first re-
watering phase and showed no significant differences during the
last two re-watering phases when compared to the controls.
Contrast to TSS, the starch content was higher in the new
stems and fine roots than in the leaves. And water stress reduced
the starch contents significantly (Pb0.01) in all organs of
P. sepium (Fig. 3E). With increasing drought cycles, the starch
content in the fine roots significantly decreased. Among organs,
the new stems showed the smallest decrease (24.58%) of starch
content when compared with controls. When re-watered, the
starch contents in all organs increased, but to different extents
among organs. In young leaves, the starch content did not recover
to the control level under the third re-watering phase, and the
situation was reversed in mature and old leaves. The starch
content in new stems recovered and had no significant
differences with controls during the last two re-watering phases.
The starch content in the fine roots recovered fully to control1 2 3
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control under the last two re-watering phases.3.4. Ion content
Drought stress significantly (* Pb0.05, ** Pb0.01) increased
the potassium (K+) content in young leaves, mature leaves and
new stems when compared with controls (Fig. 4A). For the old
leaves, this was only true during the first two drought phases and
its K+ content declined remarkably (Pb0.05) under the third
drought phase. The K+ content in the fine roots decreased under
water deficit conditions. When drought stressed plants were re-
watered, the K+ content in the young leaves and new stems
increased continuously and showed significantly higher levels
than controls (Pb0.01). The K+ content in the fine roots
recovered to the control level under the first re-watering phase
and enhanced it significantly (* Pb0.05, ** Pb0.01) during theTable 2
The mean contents of Ca2+ and Mg2+ ions in young leaves, mature leaves, old leaves,
three cycles of drought stress (Drought phase) and re-watering (Re-watering phase)
Solute Treatment The solute concentration of Periplo
Young leaves Mature le
Ca2+ Control 15.19±0.24 c 17.57±0.
Drought phase 13.34±0.20 c 18.28±0.
Re-watering phase 13.34±0.11 c 17.39±0.
Mg2+ Control 4.84±0.15 b 4.96±0.
Drought phase 4.78±0.13 b 5.20±0.
Re-watering phase 4.73±0.13 c 5.11±0.
Note: Different small letters in the same row indicate significant differences betw
replicates (n=18 for control and n=9 for drought phase or re-watering phase) and ilast two cycles. For the old leaves, the increased re-watering
cycle reduced its K+ content gradually.
In P. sepium plants, Na+ was distributed mainly in the fine
roots (Fig. 4B). The Na+ in the fine roots was 6–30-fold higher
than that in leaves and stems.Drought stress reducedNa+ contents
significantly in the expanding leaves (Pb0.05). Meanwhile, Na+
content in the fine roots and old leaves increased remarkably
(*Pb0.05, **Pb0.01) under water deficit conditions. And in the
new stems no obvious change was observed when compared with
the control. The increasing drought cycles increased the Na+
content in the fine roots and reduced that in the new stems. When
re-watered, Na+ content in the young leaves recovered fully to the
control levels. While that in fine roots decreased significantly
when compared with controls.
The Ca2+ content in leaves was much higher (Pb0.05) than
that in stems and roots (Table 2). It rose significantly (Pb0.05)
with leaf age, and the old leaves had the highest level of Ca2+. A
similar trend was found when the content of Mg2+ wasnew stems and fine roots of Periploca sepium plants under control (Control) and
.
ca sepium organs (mgd g−1 DW)
aves Old leaves New stem Fine roots
31 b 21.84±0.21 a 5.18±0.15 e 6.44±0.19 d
40 b 22.19±0.30 a 5.93±0.15 d 6.95±0.14 e
13 b 20.57±0.28 a 5.58±0.11 e 6.33±0.13 d
15 b 5.69±0.13 a 1.86±0.02 c 5.82±0.16 a
13 a 5.65±0.14 a 1.83±0.02 c 5.45±0.13 a
14 b 5.70±0.14 a 1.89±0.03 d 5.51±0.15 a
een different organs at Pb0.05. Each value of represents the mean of several
ts standard errors (±SE).
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and Mg2+ content in all tested organs compared with controls.
Both of them presented only slight changes during the whole
experiment period. The new stems had a significantly (Pb0.05)
lower level of Mg2+, only 31–59% of that observed in the roots
and leaves.
4. Discussion
4.1. Water status and MDA
Leaf RWC has been confirmed to be closely related to soil
water content (Jiang et al., 2009). In this study, withholding
water reduced soil water content and resulted in a significant
(Pb0.05) decline in the leaf RWC of P. sepium. When soil
water content changed appropriately to 80% FC, the leaf RWC
fully recovered. Additionally, maintenance of high RWC in our
study could be a consequence of hardening, as the leaf RWC of
the third drought period is higher than that in the first even when
the soil water content of the former was lower than that of the
first drought period (Li, 1996).
Generally, drought induces lipid peroxidation (assessed as
MDA content) that can lead to cellular membrane rupture in
plants (Fan et al., 2009). In our study, unlike mature and old
leaves, in which MDA content increased under conditions of
drought, MDA content declined in young leaves, suggesting
little or no oxidative damage in the very young expending
leaves. In contrast to P. sepium, as well as the mature regions of
the leaf in maize (Zea mays L.), the very young expending leaf
cells also suffered oxidative stress (Bernstein et al., 2010).
However, the stress-induced damage progression with increased
leaf age was found in both species. Similar to the young leaves,
MDA content in new stems and fine roots decreased under
drought conditions. With regard to roots, our results are in
agreement with that in maize roots (Bernstein et al., 2010; Neto
et al., 2006). Decreased MDA content in these young organs
during water stress may be associated with the organ's strong
growth potential, because the young leaves are expanding and
the new stems and fine roots both have meristematic tissue.
These findings imply that the response of plants to drought
stress varies among organs, and young tissues (young leaves,
new stems and fine roots) are better protected from oxidative
damage.
4.2. Solute accumulation
The response to DH differed in different organs, both in
magnitude and in the type of solutes involved. Fine roots
accumulated more amino acids (proline, TFAA) than stems
and leaves (Fig. 3), indicating that roots may be the main
organ responsible for P. sepium tolerance to drought stress as
observed in potato plants (Teixeira and Pereira, 2007).
Increased proline accumulation has been reported in many
water stressed species (Alves and Setter, 2004; Efeoglu et al.,
2009; Manivannan et al., 2008). Similar results were obtained
in all organs of P. sepium plants. Controversy has arisen as to
whether an increase in free proline has any real adaptive valueor is just a passive stress indicator (Claussen, 2005; Hare and
Cress, 1997). In our study, the higher proline contents
coupled with lower MDA content might imply adaptive role
in scavenging ROS under drought conditions (Verbruggen
and Hermans, 2008). The maintenance of higher level amino
acids content in young expanding leaves must be a result of
large import from other organs, because the solutes of
expanding organs are entirely dependent on their import
(Morgan, 1984). These results indicate that, as a whole plant,
the young tissues of P. sepium tend to preferentially
accumulate with free proline and other amino acids which
contribute to maintaining turgor (Morgan, 1984) under
drought stress and facilitate rapid recovery of plants as a
carbon and nitrogen sink when re-watered (Kameli and Losel,
1995; Verbruggen and Hermans, 2008). The decrease of
amino acids content with increased leaf age corroborates this
hypothesis, and probably indicates that the expanding leaves
may have a greater capacity for osmo-regulation than the
mature and old ones (Alves and Setter, 2004; Morgan, 1984).
The much higher content of TFAA than proline indicates that
many other free amino acids are involved in the adaptation
when P. sepium plants were subjected to DH conditions. The
new stems suffered more variations in TFAA than leaves and
fine roots, suggesting that the stem might serve as a temporary
storage organ under water stress conditions as described for
Lupinus albus (Pinheiro et al., 2004).
An organ-specific response was observed for soluble
proteins since each organ was affected differently. Changes in
SP contents are important to understand the impact of stress on
cell proteolysis and protein synthesis (Dos Santos and Caldeira,
1999). The higher level of SP contents in leaves than stems and
roots indicates that the SP contributed more in leaves of
P. sepium plants, as SP is a storage form of nitrogen that is re-
utilized when stress is over and may play a role in osmotic
adjustment (Amini and Ehsanpour, 2005). When water was
withheld, P. sepium leaves and fine roots exhibited higher levels
of SP in comparison with control while SP content in stems was
less pronounced. The increase in SP content determined from
stressed leaves and roots can be the result of enhanced de novo
synthesis of proteins for cell protection against these stresses as
suggested (Chen and Plant, 1999).
The accumulation of soluble sugars in plants in response to
water stress is also well documented (Chaves et al., 2002;
Martinez et al., 2004). Similar to these studies, the TSS contents
increased drastically in P. sepium plants under drought condi-
tions. This may be due to drought-induced starch degradation as
observed for grapevines (Vitis vinifera L, cv. Savatiano) (Patakas
et al., 2002). Starch is considered to be the main source of the
accumulation of solutes under water stressed conditions (Kameli
and Losel, 1995; Patakas et al., 2002). Indeed, exposure to
drought stress reduced starch contents in all organs analyzed in
our study. The increased level of TSS can act as osmoprotectants
aswell as sources of carbon formaintenance and re-growth during
the process of recovery (Chaves et al., 2002). It is also noteworthy
that the TSS content is lower in stems and roots than in leaves, but
starch content is reversed. The starch content in new stems and
fine roots increased notably during rehydration but not in leaves,
453Y.-Y. An et al. / South African Journal of Botany 77 (2011) 446–454suggesting the photosynthate during re-watering was preferen-
tially allotted to these sink tissues. These results indicate that the
stems and roots trend to store starch under DH, which in turn
could be a resource of nourishment facilitating the grow recovery
after the stress. Similar to amino acids accumulation, a decline
occurred in the TSS content with increasing leaf age, further
showing metabolic differences.
The continuous increase (Fig. 4) of K+ content in young
leaves and new stems imply that more allocating of K+ to these
young tissues when re-watered. The accumulation of Na+ under
water stress conditions was only obvious in the fine roots, which
indicates Na+ is an important osmolyte in the fine roots of
P. sepium plants, but not in other organs. Ca2+ and Mg2+ are
less sensitive to water deficiency in all organs (Table 2).
However, similar to Na+, their distribution profiles also display
organ-specific characteristics, indicating different roles of same
solutes in different organs. Similar results have already been
described in salt stress situations (Mack and Hoffmann, 2006;
Teixeira and Pereira, 2007). The accumulating Ca with leaf
ageing confirms the fact that the mobility of Ca is low and there
is limited remobilization associated with leaf ageing (Helper
and Wayne, 1985). The organ-dependent differential response
to drought stress suggests that each plant organ possesses
different strategies to deal with the imposed stress.
With increasing drought cycles, it is possible to realize that
fine roots, new stems and young leaves suffered more variations
in biochemical parameters detected than mature and old leaves.
This result indicates that the source organs (mature and old
leaves) are stable under repeated stress conditions, and the
accumulation of compatible solutes was important mainly for
sink organs with increasing drought cycles. Similar result has
been reported for sugar beet (beta vulgaris L.) under low
precipitation (Mack and Hoffmann, 2006). The accumulation of
different solutes in different organs may have contributed to
maintaining the function of organs.
In conclusion, this research demonstrates and emphasizes
that the responses of plants to water stress varies among organs,
both in magnitude and in the type of solutes involved. These
organs play different roles in the drought resistance mechanism
of the whole plant and it is the cooperation of all organs that
improve effectively the plant drought tolerance.Acknowledgments
The authors are thankful to the support of the knowledge
innovation project of Chinese Academy of Science (KZCX2-
YW-443) and the National Key Technology R&D Program of
China (2008BAD98B08). We are also grateful to Prof. Doli
Zhao for critically reading the manuscript.References
Amini, F., Ehsanpour, A.A., 2005. Soluble proteins, proline, carbohydrates and
Na+/K+ changes in two tomato (Lycopersicon esculentumMill.) cultivars under
in vitro salt stress. American Journal of Biochemistry and Biotechnology 1,
212–216.Alves, A.A.C., Setter, T.L., 2004. Abscisic acid accumulation and osmotic
adjustment in cassava under water deficit. Environmental and Experimental
Botany 51, 259–271.
Bamba, T., Sando, T., Miyabashira, A., Gyokusen, K., Nakazawa, Y., Su, Y.,
Fukusaki, E., Kobayashi, A., 2007. Periploca sepium Bunge as a model
plant for rubber biosynthesis study. Zeitschrift Fur Naturforschung C-a
Journal of Biosciences 62, 579–582.
Bates, L.S., 1973. Rapid determination of free proline for water-stress studies.
Plant and Soil 39, 205–207.
Bernstein, N., Shoresh, M., Xu, Y., Huang, B.R., 2010. Involvement of the plant
antioxidative response in the differential growth sensitivity to salinity of
leaves vs roots during cell development. Free Radical Biology and Medicine
49, 1161–1171.
Bohnert, H.J., Shen, B., 1999. Transformation and compatible solutes. Scientia
Horticulturae 78, 237–260.
Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
bingding. Analytical Biochemistry 72, 248–254.
Chaves, M.M., Pereira, J.S., Maroco, J., Rodrigues, M.L., Ricardo, C.P.P.,
Osorio, M.L., Carvalho, I., Faria, T., Pinheiro, C., 2002. How plants cope
with water stress in the field. Photosynthesis and growth. Annals of Botany
89, 907–916.
Chen, C.C.S., Plant, A.L., 1999. Salt-induced protein synthesis in tomato roots:
the role of ABA. Journal of Experimental Botany 50, 677–687.
Chen, L., Ma, Y.M., Shi, Q.H., Tong, X.C., Jiang, S.J., 2007. Chemical
composition and insecticidal activity of extracts from periploca sepium
leaves. Journal of Northwest Forestry University 22, 142–145.
Claussen, W., 2005. Proline as a measure of stress in tomato plants. Plant
Science 168, 241–248.
Dichio, B., Xiloyannis, C., Sofo, A., Montanaro, G., 2006. Osmotic regulation
in leaves and roots of olive trees during a water deficit and rewatering. Tree
Physiology 26, 179–185.
Dos Santos, C.L.V., Caldeira, G., 1999. Comparative responses of Helianthus
annuus plants and calli exposed to NaCl: I. Growth rate and osmotic regulation
in intact plants and calli. Journal of Plant Physiology 155, 769–777.
Efeoglu, B., Ekmekci, Y., Cicek, N., 2009. Physiological responses of three
maize cultivars to drought stress and recovery. South African Journal of
Botany 75, 34–42.
Fan, X.W., Li, F.M., Song, L., Xiong, Y.C., An, L.Z., Jia, Y., Fang, X.W., 2009.
Defense strategy of old and modern spring wheat varieties during soil
drying. Physiologia Plantarum 136, 310–323.
Farooq, M., Wahid, A., Lee, D.J., Ito, O., Siddique, K.H.M., 2009. Advances in
drought resistance of rice. Critical Reviews in Plant Sciences 28, 199–217.
Hare, P.D., Cress, W.A., 1997. Metabolic implications of stress-induced proline
accumulation in plants. Plant Growth Regulation 21, 79–102.
Heath, R.L., Packer, L., 1968. Photoperoxidation in isolated chloroplasts. II.
Role of electron transfer. Arch Biochem Biophys 125, 850–857.
Helper, P.K., Wayne, R.O., 1985. Calcium and plant development. Annual
Review of Plant Physiology 36, 397–439.
Hoekstra, F.A., Golovina, E.A., Buitink, J., 2001. Mechanisms of plant
desiccation tolerance. Trends in Plant Science 6, 431–438.
Jiang, Y.W., Liu, H.F., Cline, V., 2009. Correlations of leaf relative water
content, canopy temperature, and spectral reflectance in perennial ryegrass
under water deficit conditions. Hortscience 44, 459–462.
Jones, H.G., Corlett, J.E., 1992. Current topics in drought physiology. Journal of
Agricultural Science 119, 291–296.
Kameli, A., Losel, D.M., 1995. Contribution of carbohydrates and other solutes
to osmotic adjustment in wheat leaves under water-stress. Journal of Plant
Physiology 145, 363–366.
Li, J.Y., 1996. Effects of repeated cycles of dehydation–rehydation on gas
exchange and water use efficiency in jack pine and black spruce seedlings.
Journal of Beijing Forestry University (English Ed.) 5, 73–87.
Li, S.W., Liu, L.P., 2004. Studies on types and community characters of forest
and thicket vegetations in Ziwu Mountain. Acta Bot Boreal-Occident Sin.
24, 275–280.
Li, W., Wang, Q.J., Wei, S.P., Shao, M.A., Yi, L., 2008. Soil desiccation for
Loess soils on natural and regrown areas. Forest Ecology and Management
255, 2467–2477.
454 Y.-Y. An et al. / South African Journal of Botany 77 (2011) 446–454Mack, G., Hoffmann, C.M., 2006. Organ-specific adaptation to low precipita-
tion in solute content of sugar beet (Beta vulgaris L.). European Journal of
Agronomy 25, 270–279.
Mahajan, S., Tuteja, N., 2005. Cold, salinity and drought stresses: an overview.
Archives of Biochemistry and Biophysics 444, 139–158.
Manivannan, P., Jaleel, C.A., Somasundaram, R., Panneerselvam, R., 2008.
Osmoregulation and antioxidant metabolism in drought-stressed Helianthus
annuus under triadimefon drenching. Comptes Rendus Biologies 331,
418–425.
Martinez, J.P., Lutts, S., Schanck, A., Bajji, M., Kinet, J.M., 2004. Is osmotic
adjustment required for water stress resistance in the Mediterranean shrub
Atriplex halimus L? Journal of Plant Physiology 161, 1041–1051.
Morgan, J.M., 1984. Osmoregulation and water stress in higher plants. Annual
Review of Plant Physiology 35, 299–319.
Mullet, J.E., Whitsitt, M.S., 1996. Plant cellular responses to water deficit. Plant
Growth Regulation 20, 119–124.
Neto, A.D.D., Prisco, J.T., Eneas, J., de Abreu, C.E.B., Gomes, E., 2006. Effect
of salt stress on antioxidative enzymes and lipid peroxidation in leaves and
roots of salt-tolerant and salt-sensitive maize genotypes. Environmental and
Experimental Botany 56, 87–94.
Osaki, M., Shinana, T., Tadano, T., 1991. Redistribution of carbon and nitrogen
compounds form the shoot to the harvesting organs during maturation in
field crops. Soil Science and Plant Nutrition 37, 117–128.
Patakas, A., Nikolaou, N., Zioziou, E., Radoglou, K., Noitsakis, B., 2002. The
role of organic solute and ion accumulation in osmotic adjustment in
drought-stressed grapevines. Plant Science 163, 361–367.
Pinheiro, C., Passarinho, J.A., Ricardo, C.P., 2004. Effect of drought and
rewatering on the metabolism of Lupinus albus organs. Journal of Plant
Physiology 161, 1203–1210.Roessner, U., Patterson, J.H., Forbes, M.G., Fincher, G.B., Langridge, P., Bacic,
A., 2006. An investigation of boron toxicity in barley using metabolomics.
Plant Physiology 142, 1087–1101.
Silveira, J.A.G., Araujo, S.A.M., Lima, J.P.M.S., Viegas, R.A., 2009. Roots and
leaves display contrasting osmotic adjustment mechanisms in response to
NaCl-salinity in Atriplex nummularia. Environmental and Experimental
Botany 66, 1–8.
Teixeira, J., Pereira, S., 2007. High salinity and drought act on an organ-
dependent manner on potato glutamine synthetase expression and
accumulation. Environmental and Experimental Botany 60, 121–126.
Verbruggen, N., Hermans, C., 2008. Proline accumulation in plants: a review.
Amino Acids 35, 753–759.
Wang, L., Yin, Z.Q., Zhang, L.H., Ye,W.C., Zhang,X.Q., Shen,W.B., Zhao, S.X.,
2007. Chemical constituents from root barks of Periploca sepium. China
Journal of Chinese Materia Medica 32, 1300–1302.
West, A.G., 2009. Climate change, drought and biodiversity: an ecophysiological
perspective. South African Journal of Botany 75, 390.
Xue, Z.D., Zhu, Q.K., Liang, Z.S., Kang, Y.X., Chang, L., 2007. Dynamic
changes of plant community on rehabilitated land in early succession stage
in yan'an area. Journal of Northwest Forestry University 22, 16–20.
Yang, C.H., Wang, Y.Y., Zhou, Z.F., Zhang, G.C., 2006. Response of gas
exchange parameters of Periploca sepium Bunge to soil water content in
Loess Plateau. Forest Research 19, 231–234.
Yemm, E.W., Cocking, E.C., 1955. The determination of amino-acids with
ninhydrin. The Analyst 80, 209–214.
Yemm, E.W., Willis, A.J., 1954. The estimation of carbohydrates in plant
extracts by anthrone. Biochemistry 57, 508–514.
Zhu, J.K., Hasegawa, P.M., Bressan, R.A., 1997. Molecular aspects of osmotic
stress in plants. Critical Reviews in Plant Sciences 16, 253–277.Edited by Heerden
